We used a supplementary feeding experiment to investigate the existence of a causal relationship between the nutritional status of nestling Puffins and the subsequent rates of food provisioning by their parents. Chicks given supplementary food received less frequent meals than controls, with the effect that the total amount of food received by the experimental group (parental delivery plus supplementary food) was similar to the amount delivered by parents in the control group. This indicated compensatory regulation of provisioning by parents in the experimental group. Increases in body size and body mass were virtually identical in the two groups until shortly before fledging, when supplemented chicks attained higher body mass than controls. This difference appeared to result mainly from the fact that unmanipulated chicks normally receive little food from their parents towards the end of the nestling period; supplements thus constituted a large proportion of chicks' normal daily food intake over this period, and compensatory reduction in food delivery by parents did not completely match the extra food given to chicks in the supplemented group. If growth rates of chicks were usually limited by poor food supply and adults delivered food to the chick at the maximum rate permitted by food availability irrespective of the chick's immediate nutritional requirements, then regulation of food delivery by parents would not be expected. The fact that adults were regulating food delivery to their offspring below the maximum attainable rate suggests that in this study at least, nestling growth rate was not limited by a scarce and unpredictable food supply. 
nance may be small in comparison to a chick's total energy budget (Ricklefs 1983) , in which case alterations in growth rate will have little effect on a chick's daily energy requirements. In keeping with this, an alternative set of hypotheses suggests that slow development rates of chicks are not an adaptation to a poor food supply, but result from factors such as an absence of sibling rivalry in single-chick broods (Werschkul and Jackson 1979), a need for early acquisition of mature muscle function (Ricklefs 1979) or an absence of predation pressure at the nest.
Puffins Fratercula arctica lay a single-egg clutch and after hatching the chick develops slowly, with a typical nestling period of 38-44 days (Rice 1985, Barrett and Rikardsen 1992) . In common with other slow-growing species (Ricklefs et al. 1980 , Montevecchi et al. 1984 , Taylor and Konarzewski 1989 , Puffins also accumulate large quantities of fat during post-hatching development, attaining peak weights around 15% higher than fledging weight (Harris 1985) . Both adults feed their chicks, and at Scottish colonies the main food items include sandeels Ammodytes marinus, Atlantic herring Clupea harengus and sprats Sprattus sprattus, obtained up to 15 km or more from the colony (Corkhill 1973 , Harris and Hislop 1978 , Wanless et al. 1990 ).
The adaptive significance of this pattern of development is unclear. Nettleship (1972) suggested that adult Puffins cannot normally rear more than a single chick, and Harris (1978) found that in some conditions supplementary feeding of chicks resulted in them attaining greater mass. These data give some support to the idea that the growth of Puffin chicks is limited by the maximum rate at which adults can supply food. However, Harris (1983) found that the provisioning rates of parents could be increased by playing recordings of the hunger calls of chicks, and this suggests that unmanipulated adults were not providing food as frequently as they were able. Johnsen et al. (1994) found from chickswitching experiments that, within the normal nestling period, parents quickly adapted food supply to the chick's needs, and these studies suggest that parents may regulate food supply to the chick below the limit set by food availability. Moreover, Harris (1978) found that supplementary feeding had a marked effect on mass growth only at one colony where there was a priori evidence that adults were having difficulty supplying enough food for their offspring. Elsewhere, supplementary feeding had little effect on growth until shortly before fledging (Harris 1978) . This suggests that these chicks may already have been growing close to a physiologically-determined maximum rate (Ricklefs 1983) , and is consistent with the idea that slow growth largely reflects factors other than poor food supply. However, responses of adults to supplementary feeding of their chicks were not recorded, and it is not known whether supplementary feeding affected growth in terms of body size. This paper is, to our knowledge, the first to use supplementary feeding of Puffin chicks coupled with detailed observations of food delivery by adults, to determine whether and to what extent parents adjust their rate of food delivery in response to changes in their chick's nutritional requirements. We also examine whether or not supplementary feeding results in enhanced growth of chicks; growth is assessed in terms of body weight and various components of body size, and we also examine growth relationships in terms of rate and elevation.
Material and methods
The study was carried out at a colony of c. 32,000 pairs of breeding Puffins on the Isle of May in the Firth of Forth, Scotland (560 1 l'N, 2' 31'W), between 6 June and 26 July 1995. Adults at the colony nest in burrows in the soil, and data were collected at a sample of 44 occupied burrows situated 2-15 m from two semi-permanent wooden hides erected on the island. Every burrow entrance was marked with a numbered wooden stake, and where necessary a small access tunnel was dug into the roof of the nest chamber, to allow easy access to the chick; the entrance to each tunnel was then covered with a stone slab large enough to prevent light entering the nest chamber.
Adult Puffins are sensitive to frequent disturbance during incubation and the first few days of brooding (Harris 1984) , and so hatching dates at 24 marked nests were determined by checking burrows at five-day intervals from 6 June (close to the median hatching date at the colony). The first signs of hatching can be seen at least two days before the chick emerges from the shell and the chick is not usually dry until a day after hatching (Johnsen et al. 1994 ). We were therefore able to determine hatching dates of these chicks with a precision of +2 days using this method. Greater precision was then achieved by recording the date when parents first entered the burrow with food. A further 20 chicks at marked nests were not examined until a few days after hatching, and in these cases initial chick age was estimated from wing length (maximum flattened chord excluding down, measured to the nearest 1 mm using a stopped rule) calibrated against age in the group with known hatching dates.
Supplementary feeding
Chicks of similar ages were matched, to control for possible differences in breeding performance of adults related to hatching date (Harris 1980) , and assigned to either experimental (supplementary feeding) or control groups (n = 22 chicks in each group). Chicks in the supplementary feeding group were given, daily at 20.00 hours, c. 25 g of filleted sardine Sardina pilchardus cut into 7 x 2 cm strips. This represented about half the mean mass of food normally delivered by parents each day Hislop 1978, Harris 1984) . Supplementary feeding began when chicks were c. eight days old (by which age they were capable of thermoregulation, rarely brooded by their parents and able to pick food up from the burrow floor; Harris 1984), and continued until fledging, at age c. 41 days post-hatching. No food was left uneaten by chicks until shortly before fledging, during the period of body mass recession when chicks limit their intake of food (Hudson 1979 (Hudson , 1983 ).
Feeding frequency and meal size
Puffin chicks are fed most frequently between about one and three hours after dawn, and feeding rate is much lower at other times of day (Harris and Hislop 1978) . In the present study, the number of food loads delivered to chicks in experimental and control groups was recorded from the two observation hides, by continuous observation of adults returning to burrows between 04.30 and 07.30 hours at four-day intervals at each nest, throughout the entire period of supplementary feeding. In addition, the total number of feeds per day at each nest was determined by continuous observation of all marked nests throughout daylight hours (04.00-23.00 hours) on 24 June and 7 July. On these occasions, feeding rates were recorded by a team of five observers, each working for two hours in any six-hour period.
For each treatment group, at the five nests nearest to each of the two hides (n = 20 nests in total) the number and lengths of fish of different species delivered by adults in each food load were estimated at four-day intervals from the eighth day of supplementary feeding, using bill depth (c. 35 mm) to calibrate fish length (when returning to the nest, Puffins carry prey transversely in the bill, and all recorded loads contained only one species of fish). Fish brought back by adults were either sandeels, sprats or herring, and the lengths of these were converted into fish weights using species-specific equations in Hislop et al. (1991) . To determine the accuracy of these observations, samples of food loads were also obtained on four occasions by intercepting adults returning to their burrows, at roughly eight-day intervals between 18 June and 13 July. On every occasion, 30 m of mist-net was erected at a distant part of the colony at c. 05.00 hours, and every food load dropped by adults over a period of roughly three hours was identified and weighed (wet mass) to the nearest 0.1 g using a Tanita electronic balance. These data were used to compare species composition and weights of food loads obtained using the two methods. It was not possible to distinguish between sprats and herring from the distance of the hides, and so in calculating the weights of food loads delivered to marked nests we assumed that the proportion of these two items in each load was the same as the mean value at the colony during each eight-day period, as determined from mist-netting.
Chick growth
Growth of chicks in experimental and control groups was examined from c. five days post-hatching until fledging. All chicks were weighed and measured every four days. On each occasion, body mass was measured to the nearest 5 g using a Salter spring balance. In addition, right wing length was measured as above, and head plus bill length (from the bulge of the occipital condyle to the tip of the bill), and tarsus length were measured to the nearest 0.1 mm using Vernier callipers. All chicks were also weighed daily from age 25 days until fledging, to determine maximum weight and weight at fledging. Growth parameters of chicks in the two treatment groups were compared using analysis of covariance.
Data were collected on a number of successive occasions for each chick, and such repeated measures cannot be viewed as strictly independent. We accounted for this in two ways, following Hamer and Thompson (1997): firstly, data for each chick were aggregated into means over eight-day age-classes to reduce the number of repeated measures; secondly, the degrees of freedom applied to statistical tests were derived from the number of chicks in each sample rather than the number of separate observations. Table 1 shows the species composition of food loads obtained by using mist-nets to intercept adults returning to the nest. There was no variation among dates in the frequency distributions of loads comprising different species (X2 = 11.6, P = 0.2). Across all dates 70% of food loads were sandeel, 21% herring, 7% sprat and 2% rockling Gaidropsarus sp. Food loads recorded from observations at nests in control and experimental groups comprised 76% sandeel (n = 58) and 69% sandeel (n = 42) respectively, with all other loads comprising either sprat or herring. The proportions of food loads comprising sandeel or other species did not differ among the three groups (control, experimental and mist-netted sample; 72 = 1.3, P = 0.5).
Results

Chick diet
Meal size
The weights of food loads obtained by interception of adults showed no significant variation among dates (one-way ANOVA; F3,95 = 0.7, P = 0.5.) and the mean weight across all dates (9.7 g, n = 96, s.d. + 4.4) was similar to that estimated from observations at nests in the control group over the same period (Table 2; 
Feeding frequency
Feeding frequencies of chicks differed significantly among age-classes (Table 3 ; two-way ANOVA; F3,175 = 3.0, P < 0.05) and between experimental treatments (Table 3; 
Chick growth
In terms of body mass, the growth of chicks up to age 32 days post-hatching (close to the mean age at which 0.04, P = 0.8) of this relationship. However, the mass growth of chicks in the two groups diverged after this point (Fig. 1) , producing significant differences between groups in both peak weight ( Table 4 shows increases with age in wing, head plus bill and tarsus lengths of chicks in each group. Analysis of covariance revealed no differences between groups in the rate or elevation of growth for any of these dimensions between the start of supplementary feeding and fledging (P > 0.1 in all cases).
Discussion
Both the diets of chicks (Table 1 ) and the weights of food loads delivered by adults (Table 2) showed little variation as chicks grew. This was similar to the pattern recorded previously at the colony and elsewhere Hislop 1978, Ashcroft 1979 ). Estimated load weights for unmanipulated chicks (mean = 10.9 g) were similar to those obtained by intercepting adults in mist-nets (mean = 9.6 g) and to values recorded previously at the colony (mean over six years = 9.4 g; Harris 1985). We were therefore confident that load weights could be assessed accurately from observations of adults returning to their nests.
In both unmanipulated and supplemented chicks, feeding frequency during the morning peak of feeding activity increased up to age 24 days post-hatching then declined until fledging (Table 3) For semi-precocial species such as Puffins, the daily metabolic energy requirement of chicks reaches a peak roughly mid-way through the nestling period (Ricklefs 1983 , Konarzewski et al. 1993 ), which coincided with the period of most frequent food delivery in this study (Table 3 ). This suggests that adults were able to modulate food delivery in accordance with the changing metabolic energy requirements of their chick. This does not, however, necessarily imply any regulation of food delivery by adults, involving assessment of short-term changes in a chick's nutritional requirements. It could equally have resulted from a programmed increase in food supply rate as chicks grew, as was suggested for Puffins from chick-switching experiments (Hudson 1979 , but see Johnsen et al. 1994 ).
In addition to age effects, the frequency of food delivery by adults was greatly affected by supplementary feeding of chicks. Those in the experimental group received 57% fewer meals than unmanipulated controls during the morning peak of feeding activity (Table 3) , giving strong evidence that adults were able to adjust their provisioning rate in response to induced changes in their chick's nutritional requirement. All-day watches over the same period indicated that unmanipulated and supplemented chicks received an average of 4.7 and 2.1 meals per day respectively, compared with averages of 1.4 and 0.6 meals respectively during the morning peak of feeding (Table 3 ). The proportion of the total number of meals each day that was delivered between 4.30 and 7.30 hours was very similar in the two groups (29.8% and 28.6% respectively), indicating that supplementary feeding did not affect the diurnal pattern of food delivery to the chick. In contrast to feeding frequency, there was no evidence for any adjustment of meal size (Table 2) ; regulation of food delivery thus appeared to operate only at the level of feeding frequency. For species that forage a long way from the nest, this represents the more efficient method of adjusting the rate at which food is delivered to the chick.
We examined the reduction in parental food delivery to supplemented chicks in relation to the quantity of supplementary food provided, to determine the extent of the compensatory reduction in food delivery by the parents. Unmanipulated chicks received an average of 51.2 g food per day (4.7 meals per day x 10.9 g per meal), compared with 22.7 g (2.1 x 10.8 g) among supplemented chicks. This represents a reduction in food delivery of 28.5 g per day, compared with a supplementation rate of 25 g per day. The species composition of food loads delivered to chicks in the two groups was similar (Table 1 ) and the dietary supplements had a similar caloric density to the chicks' normal food. Given the limited accuracy of these calculations, this suggests that the response of Puffins to artificial provisioning was a compensatory adjustment of feeding frequency to maintain a relatively constant rate of energy intake by the chick.
Growth in body weight was almost identical in the two treatment groups up to c. 32 days post-hatching ( Fig. 1) and this provides further evidence that adults in the supplemented group were adjusting their rate of food delivery to maintain a relatively constant overall provisioning rate for each chick. Beyond this age, further increases in body weight were negligible for the control group whereas supplemented chicks continued to increase in weight and thus attained significantly higher peak weights and fledging weights (Fig. 1) . This difference suggests that supplemented chicks were receiving more food in total than unmanipulated chicks over the final stages of the nestling period. To some extent this probably reflected the low provisioning rates by parents over this period (Table 3) . Under normal conditions, over the final eight days before fledging each chick would expect to receive on average about three meals per day from its parents (Ashcroft 1979 , Harris 1984 . Assuming that these meals are similar in size to meals delivered over the rest of the nestling period (Table 2 ; Ashcroft 1979), this represents a provisioning rate of about 30 g per day. The supplements given to chicks in this study therefore represented about 83% of the normal daily intake of food by each chick at this stage of development, and adults would be unlikely to reduce their food delivery to this extent. Assuming a similar response to that exhibited at earlier stages of the nestling period (see above) a reduction of 55% in food delivered by parents would result in each chick receiving a total of c. 39 g per day, which is 30% more than the expected value for unmanipulated chicks. The higher total provisioning rate of supplemented chicks at the end of the nestling period was therefore to some extent an artefact of the experimental design. However chicks need not accept all of the food provided for them, and so the fact that chicks given supplementary food attained higher peak and fledging weights suggests that there was some advantage to them in doing so, possibly in terms of post-fledging survival (e.g. Hamer et al. 1991) .
Evidence that adult Puffins adjusted their provisioning rates in response to changes in their chick's nutritional status suggests that growth rates of chicks were not limited by the maximum rate at which adults could supply food. If growth rates were limited below the physiological maximum by a scarce and unpredictable food supply, and adults delivered food to the chick at the maximum rate permitted by food availability irrespective of the chick's immediate nutritional requirements, then regulation of food delivery by parents would not be expected (Hamer and Hill 1994, Bolton 1995) . Supplementary feeding of chicks would be predicted to enhance their mass growth and development, with little or no effect on the rate of provisioning by parents. This was clearly not the case: adults responded to supplementary feeding of the chick by reducing their own rate of food delivery, and the consequent similarity in rates of intake of food by supplemented and unmanipulated chicks resulted in similar rates of development in terms of wing length, head plus bill length and tarsus length (Table 4) . Although we present no evidence concerning the responses of adults to increased food demand at the nest, Harris (1983) found that adults were capable of increasing their provisioning rate above the normal level in response to an artificially high frequency of solicitation. This also suggests that the upper limit to growth rate in unmanipulated chicks was not determined by the maximum rate at which adults could supply food.
The diets, feeding frequencies and growth rates of chicks on the Isle of May in 1995 were similar to those recorded in a number of previous studies (Ashcroft 1979 , Harris 1985 , Barrett et al. 1987 , suggesting that food supply was not unusually plentiful during the present study. It should be stressed however, that adults may not be able to regulate provisioning rates under less favourable conditions and that growth rates of chicks may be adjusted to resource availability during years (or extended periods) of poor or highly variable food supply. Such conditions have recently been observed at some colonies (Barrett et al. 1987 , Barrett and Rikardson 1992) but it is not known whether or not these are exceptional. Further data are required to permit a more precise characterisation of temporal variability in food resources for Puffins and other species of seabird. Nonetheless, the results of the present study are difficult to reconcile with the notion that slow growth of nestling Puffins is primarily a response to a poor and unpredictable food resource.
